Introduction {#s1}
============

The central dogma of molecular biology dictates that information flows from DNA through RNA to proteins. That information, comprising the primary sequence, is sufficient to direct protein folding which can occur in microseconds for small proteins. Folding of large, multidomain proteins or those that require post-translational modifications is slower and may require assistance. If the information fed into the folding reaction is corrupt, as is the case when coding sequence mutations are introduced, this can prevent the acquisition of a stable state.

Superoxide dismutase-1 (SOD1) is a relatively small protein that is a part of the human defence against oxidative stress. Following translation, spontaneous SOD1 folding nucleates around hydrophobic residues that ultimately form the protein core \[[@BST-48-1795C1]\]. A monomeric Greek-key β-barrel structure is produced as a result \[[@BST-48-1795C2]\]. Zinc and electrostatic loops are predominantly disordered with sub-fractions of mature state structures populated \[[@BST-48-1795C3]\]. Three post-translational modifications (PTMs) must take place for SOD1 to attain activity and stability. Zinc binding and formation of an intra-subunit disulphide bond restrain movement of the long zinc loop. This creates the SOD1 homodimer interface, together with N- and C-termini, and four inter-subunit hydrogen bonds form. \[[@BST-48-1795C4]\]. The addition of copper to the SOD1 active site contributes to thermal stability and realises enzymatic activity. Without these PTMs, and resulting homodimer formation, SOD1 has reduced thermal stability, populates unfolded or high energy conformations \[[@BST-48-1795C5]\] and is prone to self-association ([Figure 1](#BST-48-1795F1){ref-type="fig"}) \[[@BST-48-1795C6]\].

![The SOD1 folding and post-translational modification pathway.\
Successive folding and PTM events increase SOD1 stability and can be accomplished through the action of the copper chaperone for SOD1 (hCCS) or independently. However, each step can be inhibited by the presence of ALS mutations. This leads to the persistence of unfolded or misfolded states that may be degraded or form intracellular aggregates. Copper and zinc ions are represented as blue and silver spheres respectively.](BST-48-1795-g0001){#BST-48-1795F1}

Mutations of the SOD1 coding gene are known to cause the motor neuron disease amyotrophic lateral sclerosis (ALS) \[[@BST-48-1795C7]\]. Roughly two-thirds of SOD1 amino acids have been shown to harbour ALS-related mutations and, in general, they are found in conserved metal binding, interface and β-barrel residues. Each mutation diminishes the likelihood SOD1 will progress along its maturation pathway to populate stable and folded states ([Figure 1](#BST-48-1795F1){ref-type="fig"}) but the molecular and phenotypic manifestations of individual mutations can vary, reviewed \[[@BST-48-1795C8]\].

Misfolded SOD1 is found in the neurons and glia of ALS spinal cord, brainstem and hippocampus \[[@BST-48-1795C9],[@BST-48-1795C10]\]. Parkinson\'s disease substantia nigra and locus coeruleus neurons also display SOD1 accumulation \[[@BST-48-1795C11]\]. Misfolded SOD1 can range from monomers to the large inclusions characteristic of SOD1-ALS cases \[[@BST-48-1795C9],[@BST-48-1795C12]\]. In addition to SOD1, inclusions also contain heat shock proteins (HSP) \[[@BST-48-1795C13]\], ubiquitin \[[@BST-48-1795C11],[@BST-48-1795C13],[@BST-48-1795C17]\], proteasomes \[[@BST-48-1795C13]\] and the copper chaperone for SOD1 (hCCS) \[[@BST-48-1795C11],[@BST-48-1795C13],[@BST-48-1795C18]\]. This is indicative of an effort by the cell to fold, refold or degrade a protein that has become problematic ([Figure 2](#BST-48-1795F2){ref-type="fig"}). Understanding how SOD1 is chaperoned to activity and why proteostatic mechanisms are ineffective in some disease states will guide us in designing interventions that assist these processes. In this review, I focus on molecular recognition and stabilisation of SOD1 by molecular chaperones and the outcomes achieved by modulation of these interactions, then describe several pharmacological and peptide chaperones that may form the basis of future therapeutics.

![Molecular chaperone interactions with SOD1.\
The copper chaperone for SOD1 (hCCS) is highly specific for SOD1 and has a role in every stage of SOD1 maturation. Macrophage migration inhibitory factor (MIF) can reduce misfolded SOD1 accumulation on the surface of mitochondria. The heat shock protein (HSP) system is involved in both SOD1 folding, degradation and possibly breakdown of aggregates. This last step may provide seeds that propagate SOD1 misfolding and aggregation within the cell or in surrounding cells. HSP interactions with SOD1 are not specific but involve high-affinity binding to hydrophobic residues including SOD1 β-strand 7.](BST-48-1795-g0002){#BST-48-1795F2}

The copper chaperone for SOD1 {#s2}
=============================

SOD1 is found predominantly in the cytosol where both copper binding and retention of disulphide bonds are disfavoured. Some SOD1 analogues are activated exclusively by a copper chaperone \[[@BST-48-1795C19]\] while others are activated through an independent route \[[@BST-48-1795C20]\]. Parkinson\'s disease-related protein DJ-1 has been reported to form complexes with human SOD1 and act as a copper chaperone \[[@BST-48-1795C21],[@BST-48-1795C22]\]. However, validation of either functionality is lacking \[[@BST-48-1795C23]\]. The only chaperone protein known to directly interact with and activate human SOD1 is hCCS and it does so for 80% of SOD1 molecules \[[@BST-48-1795C24],[@BST-48-1795C25]\]. Copper can, however, be supplied to SOD1 independent of hCCS by histone H3--H4 or a route involving glutathione \[[@BST-48-1795C26],[@BST-48-1795C27]\]. hCCS comprises copper-binding domain I, SOD1-like domain II and C-terminal domain III. The latter has a role in disulphide transfer \[[@BST-48-1795C28]\]. hCCS domain II binds to SOD1 through an ATP-independent mechanism bringing functional hCCS domains I and III into the proximity of nascent SOD1. Full-length and domain II truncated hCCS form heterodimeric complexes with intra-subunit disulphide bond reduced wild-type SOD1 and every ALS mutant directly tested to date \[[@BST-48-1795C29]\]. Dissociation constants of 42, 68, 35 and 33 nM have been measured for hCCS binding to metal-free Ala4Val, His80Arg, Gly85Arg and Gly93Ala mutant SOD1, respectively \[[@BST-48-1795C31]\]. Zinc metalated SOD1 forms a heterodimer with hCCS that has higher affinity than the heterodimer formed by metal-free SOD1 \[[@BST-48-1795C29],[@BST-48-1795C32]\]. However, experiments on *Saccharomyces cerevisiae* orthologues indicated heterodimer affinity progressively weakened as the SOD1 substrate was post-translationally modified \[[@BST-48-1795C33]\]. This contradiction may result from the study of different orthologues or use of different techniques, but further experiments are needed to reconcile the results. What is clear, however, is that zinc binding by metal-free SOD1 does not precluded complex formation with hCCS, on the contrary, SOD1 zinc affinity is increased while the heterodimer is intact \[[@BST-48-1795C32],[@BST-48-1795C34],[@BST-48-1795C35]\]. Furthermore, co-expression of hCCS domain II aids wild-type and ALS mutant Ala4Val, Ile113Thr and Gly93Ala SOD1 folding within the cytoplasm of human cells. This indicates hCCS has a molecular chaperone activity independent of SOD1 PTMs \[[@BST-48-1795C32]\].

On complexation with hCCS domain II, SOD1 proton-amide chemical shifts are observed for residues in the zinc loop, electrostatic loop and almost all β-strands \[[@BST-48-1795C32]\]. Thus, the stabilising effect of complexation with hCCS permeates further than the heterodimer interface. However, the largest structural discrepancy between mature SOD1 and that found bound to hCCS is the adoption of an induced fit disulphide sub-loop conformation at the heterodimer interface \[[@BST-48-1795C30]\]. Substitution of hCCS Arg232 and Arg104 for SOD1 Ile151 and Asn19, respectively, create non-covalent interactions across the heterodimer interface with the SOD1 disulphide sub-loop. A further repulsive interaction between hCCS Ala231 and SOD1 Gly51 prevents the sub-loop occupying the conformation found in the mature enzyme and also assists complex dissociation once PTM events are complete \[[@BST-48-1795C30]\]. These interactions are the source of hCCS specificity for disulphide reduced SOD1 and prime the substrate for PTMs. They also reduce the conformational freedom of a long, mobile loop. SOD1 thermal instability resulting from the ALS-associated Ile113Thr mutation is, therefore, diminished when complexed with hCCS \[[@BST-48-1795C29]\]. Due to this stabilising interaction, overexpression of hCCS in transgenic mice and cell models reduces the formation of non-natively associated mutant SOD1 species \[[@BST-48-1795C36]\]. These observations are consistent with hCCS protecting SOD1 from the aggregation. However, overexpression of hCCS causes extreme mitochondrial vacuolisation and very short life-span in Gly93Ala and Gly37Arg human SOD1 transgenic mice. This effect was relieved by increasing the availability of copper \[[@BST-48-1795C39]\] but was completely absent from Gly86Arg mouse SOD1 (human Gly85Arg) or Leu126X truncated human SOD1 overexpressing mice \[[@BST-48-1795C36],[@BST-48-1795C40]\]. Gly86Arg and Leu126X exist as disulphide reduced monomers \[[@BST-48-1795C40]\]. Thus, toxicity differences could be explained by reduced hCCS affinity for Gly85Arg and Leu126X and poor retention within mitochondria as a result.

Macrophage migration inhibitory factor {#s3}
======================================

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine expressed cytoplasmically and secreted in response to numerous immunogenic stimuli. MIF is a 12.5 kDa peptide that exists in a predominantly trimeric state arranged around a central pore. Small populations of dimeric and monomeric MIF have been observed but are unstable and aggregation prone. MIF is constitutively expressed by many tissue types including motor system cells but is conspicuously absent from neuronal cell bodies despite high-level MIF mRNA transcription \[[@BST-48-1795C41],[@BST-48-1795C42]\]. In the absence of MIF, misfolded mutant SOD1 deposits are found on the cytoplasmic surface of mitochondria while, conversely, overexpression of MIF reduces mutant SOD1 association with both endoplasmic reticulum and mitochondrial membranes thereby maintaining mitochondrial function \[[@BST-48-1795C42]\]. This translates into increased survival of mutant SOD1 expressing motor neurons when MIF production is increased. Overexpression of MIF in mutant SOD1 transgenic mice also reduced the formation of non-detergent buffer insoluble SOD1 species \[[@BST-48-1795C43]\]. These observations are indicative that MIF harbours a SOD1 chaperone role. The proof of concept that MIF-coding DNA can be delivered to affected neuronal cells has been accomplished. Adeno-associated virus (AAV) delivery to spinal neurons reduced SOD1 misfolding, delayed disease onset, slowed disease progression and extended life expectancy in Gly93Ala and Gly37Arg mutant SOD1 transgenic mice \[[@BST-48-1795C45]\]. It is important to note, however, that intraspinal injection of AAV transporting MIF encoding DNA occurred one day after birth, long before ALS-like symptoms would be evident.

MIF has a thiol oxidoreductase activity which is dependent on the conformation of the MIF trimer as dictated by the oxidation state of Cys80 which, in turn, regulates Cys56 and Cys59 competence for disulphide exchange \[[@BST-48-1795C46]\]. Oxidoreductase activity seems a probable source of the SOD1 chaperone activity. Co-expression of an oxidoreductase knockout Cys59Ser MIF with Gly93Ala and Gly85Arg SOD1 resulted in only partial protection against SOD1 misfolding when expression level was high \[[@BST-48-1795C42],[@BST-48-1795C47]\]. Furthermore, direct comparison indicated the Cys59Ser oxidoreductase knockout mutant did not supress SOD1 misfolding and cell death to the same extent as wild-type MIF. However, Cys59Ser MIF marginally prevented cell death when compared with cells where no MIF was overexpressed \[[@BST-48-1795C47]\]. These results are indicative that, like hCCS, MIF-catalysed SOD1 disulphide formation is not wholly responsible for the SOD1 chaperone role. Preventing MIF trimer dissociation through an engineered inter-subunit disulphide between Cys80 and a mutated Asn110Cys site \[[@BST-48-1795C48]\] does, however, consistently reduce mutant SOD1 misfolding and related cell death \[[@BST-48-1795C44],[@BST-48-1795C47]\]. Trimeric MIF appears, therefore, to be the chaperone active species.

There is currently no indication of the interaction surfaces through which MIF prevents SOD1 misfolding. However, the necessity for trimeric MIF may reside in the increased surface area through which SOD1 can interact. A physical interaction with substrate is a prerequisite of molecular chaperone activity and a 367 nM affinity for as isolated i.e. complete zinc and 87% copper metalated Gly93Ala SOD1 \[[@BST-48-1795C49]\] has been recorded for wild-type MIF \[[@BST-48-1795C42]\]. In contrast, wild-type MIF has a 1.3 μM affinity for metal-free wild-type SOD1 but 548 nM when the trimer-locked Asn110Cys variant is assayed \[[@BST-48-1795C47]\]. Thus, MIF appears to have a lower affinity for the metal-free SOD1 species that are likely to misfold, aggregate and cause toxicity than the metalated and more stable species.

Heat shock proteins {#s4}
===================

Mutant SOD1 is known to interact with many of the constitutive and induced groups of chaperone proteins that comprise the proteostasis network ([Figure 2](#BST-48-1795F2){ref-type="fig"}). Indeed, HSP70 and HSP27 are so deeply woven into the mutant SOD1 life cycle that they, along with ubiquitin, are components of the protein aggregates that are common to Parkinson\'s disease, SOD1-related ALS and mutant SOD1 transgenic animal models \[[@BST-48-1795C11],[@BST-48-1795C13]\]. Mutation of HSPs is also implicated in the pathogenesis of ALS \[[@BST-48-1795C50]\], Parkinson\'s disease \[[@BST-48-1795C51]\] and other motor system diseases. The centrality of protein quality control malfunction in neurodegeneration is, therefore, clear, as is targeting it for potential therapeutic benefit in ALS \[[@BST-48-1795C52]\].

HSP70 {#s4a}
-----

Hydrophobic residues are sequestered within the core of proteins when folded and exclusion of water contributes to protein stability. Exposure of these hydrophobic regions can prelude non-native self-association, as is the case for SOD1 \[[@BST-48-1795C53]\]. The HSP70 group of molecular chaperones are purposed to prevent those aggregation events and are ubiquitously conserved. Together with folding they have critically important roles in protein refolding, prevention of aggregation and degradation, reviewed \[[@BST-48-1795C54]\]. As such they must interact with a broad range of substrates. To do so, they bind short stretches of hydrophobic amino acids through a conformational sampling procedure \[[@BST-48-1795C55],[@BST-48-1795C56]\]. HSP70 proteins and a host of co-chaperones function by reducing exposure of aggregation-prone regions while allowing secondary structure to form prior to long-range contacts \[[@BST-48-1795C57]\].

Mutant SOD1 is favoured as an HSP70 substrate over wild-type SOD1 *in vivo* \[[@BST-48-1795C58]\]. HSP70 group chaperones HSPA1 and HSPA8 have been shown to bind peptides representing the SOD1 zinc loop and β-strand 7. HSPA8, which is the most highly expressed HSP70 \[[@BST-48-1795C59]\], has 7.1 μM affinity for a β-strand 7 peptide that is buried within the SOD1 core behind metal binding and disulphide loops in the mature state \[[@BST-48-1795C60]\]. An absence of post-translation modifications would, therefore, be necessary for this binding site to be exposed. While β-strand 7 is not a structured component of SOD1 aggregates, reviewed \[[@BST-48-1795C8]\], it is part of the folding nucleus that orchestrates SOD1 β-barrel formation \[[@BST-48-1795C1]\]. Thus, the timely termination of this interaction is exceptionally important. Sequestering β-strand 7 while β-strands 1-3 scan conformations on a spectrum between stable and aggregation-prone may drag HSP70 proteins into growing mutant SOD1 aggregates \[[@BST-48-1795C15]\]. Overexpression of several HSP70 chaperones along with Ala4Val SOD1 in cell models has been shown to increase the abundance of mutant SOD1 aggregates \[[@BST-48-1795C61]\]. This phenomenon was ascribed to the nucleotide exchange factor (NEF) favoured to bind individual HSP70 proteins. Conversely, overexpression of HSP70 member HSPA1A consistently decreased aggregation through an interaction with HSPH2 NEF, an HSP110 group member \[[@BST-48-1795C61]\]. Binding of the correct HSP70 chaperone to mutant SOD1 is, therefore, an important indicator of the fate, and therefore the toxicity, of a mutant SOD1 molecule.

Promoting misfolded or aggregated mutant SOD1 clearance by increasing the abundance of individual HSP70 chaperones has yielded mixed results perhaps because of the variability described above. Expression of murine inducible HSP70 in primary motor neurons along with Gly93Ala SOD1 reduced the percentage of cells with aggregates and increased cell viability \[[@BST-48-1795C62]\]. Conversely, overexpression of HSP70 in SOD1 mutant transgenic mice had little or no effect on disease course \[[@BST-48-1795C15],[@BST-48-1795C63]\]. A second approach has been a global up-regulation of HSP70 chaperones via the heat shock factor-1 (HSF1) transcription factor. Overexpression of SIRT1 was able to activate HSF1, up-regulate HSP70 and reduce the abundance of non-native SOD1 dimers. While marginal effects were observed on disease readouts, late-stage disease was significantly extended in low Gly93Ala SOD1 expressing mice \[[@BST-48-1795C64]\]. Treatment of Gly93Ala SOD1 transgenic mice with the HSF1-binding small molecule arimoclomol also yielded increased maximum life expectancy from 20 to 23 weeks regardless of whether treatment was initiated at presymptompatic, early or late post-symptomatic time points. This paralleled a reduction in the number of spinal cord ubiquitin-positive SOD1 aggregates \[[@BST-48-1795C65],[@BST-48-1795C66]\]. The success of arimoclomol studies has led to several clinical trials to test its therapeutic use in ALS; a large phase 3 trial will conclude in 2021 but a smaller trial has already shown arimoclomol to have favourable toxicity profile and promising efficacy \[[@BST-48-1795C67]\].

HSP110 {#s4b}
------

HSP110 co-chaperones are a sub-group of NEFs that promote the release of ADP from HSP70 proteins. This results in switching to a low-affinity state and substrate dissociation. Unlike other NEFs, HSP110 co-chaperones are highly similar to HSP70 proteins and form heterodimers with their target HSP70 through their respective nucleotide-binding domains. All three HSP110 proteins have been shown to copurify with mutant SOD1 \[[@BST-48-1795C58],[@BST-48-1795C61]\]. However, it is not currently known if HSP110 co-chaperones have a direct, functional interaction with unfolded protein or whether copurification is a result of associations through HSP70. Overexpression of the HSPA4L human HSP110 did increase survival time in Gly85Arg and Gly93Ala SOD1 transgenic mice. Interestingly, high copy number (\>270) Gly85Arg SOD1 mice were impervious to rescue by HSPA4L, whereas low copy number (\<270) showed two and 6-month median and maximum life extension, respectively \[[@BST-48-1795C63]\].

HSP40 (DNAJ or J domain proteins) {#s4c}
---------------------------------

HSP40 proteins are a large group of modular proteins that are categorised by the presence of a J domain which mediates interactions with HSP70 proteins. Outside the J domain, HSP40s are heterogenous and can comprise many different domain structures and functionalities but their primary function is to present substrates to HSP70 and stimulate ATP hydrolysis \[[@BST-48-1795C68]\] ([Figure 2](#BST-48-1795F2){ref-type="fig"}). DNAJB1 interacts with HSP70 when co-expressed with Ala4Val SOD1 and suppresses aggregation. Conversely, expressing the DNAJB1 His32Gln mutant, known to reduce stimulation of HSP70 ATPase, together with Ala4Val SOD1 led to a massive increase in SOD1 aggregation \[[@BST-48-1795C61]\]. Furthermore, DNAJB2, DNAJB7 and the autophagy-inducer DNAJC13 are also suppressors of mutant SOD1 accumulation into aggregates \[[@BST-48-1795C61],[@BST-48-1795C69],[@BST-48-1795C70]\]. DNAJB2 has been shown to have a direct interaction with misfolded Gly93Ala SOD1 in transgenic mouse spinal cord homogenates and target it for proteasomal degradation \[[@BST-48-1795C70]\]. While, conversely, a DNAJB2 distal hereditary motor neuropathy-associated mutation increases mutant SOD1 aggregation \[[@BST-48-1795C71]\].

HSP disaggregases {#s4d}
-----------------

*S. cerevisiae* HSP104 is a protein disaggregase that functions in cooperation with HSP70 and HSP40 proteins \[[@BST-48-1795C72]\]. Overexpression of *S. cerevisiae* HSP104 in mouse N2a cells can free mutant human SOD1 from large, condensed protein aggregates returning it to a wild-type-like dispersion. However, the SOD1 released is not natively structured but small oligomers at least trimeric in size \[[@BST-48-1795C73]\]. While metazoans, including humans, do not produce directly related HSP104 othologous proteins, HSP70, HSP110 and HSP40 group chaperones can function together as a disaggregation machine \[[@BST-48-1795C74]\]. This system is able to resolublise luciferase aggregates in nematode muscle but facilitates the transfer of Parkinson\'s disease-related α-synuclein species between adjacent tissues where it is competent to increase aggregation and reduce motility \[[@BST-48-1795C75]\]. Like α-synuclein, SOD1 aggregation is assisted by fragmentation, both in cell-free and transgenic mouse models, and spreads through extracellular spaces \[[@BST-48-1795C76]\]. There is growing evidence that relatively low molecular mass soluble species are the instigator of cell death and disease whereas large, insoluble aggregates are inert and possibly protective \[[@BST-48-1795C79],[@BST-48-1795C80]\]. It may be, therefore, that disaggregation systems are an inadvertent source of hazardous, misfolded SOD1 oligomers ([Figure 2](#BST-48-1795F2){ref-type="fig"}).

Pharmacological chaperones {#s8}
==========================

Covalent binding of small molecules at Cys111 has been a frequently utilised approach for SOD1 pharmacological chaperone discovery due to its accessibility, reactivity and potential for linking or stabilising the SOD1 homodimer ([Figure 3](#BST-48-1795F3){ref-type="fig"}). The first example of this approach was the use of maleimide linkers to span the 9 Å gap across the SOD1 dimer interface between Cys111 sulphydryls thereby covalently tethering monomers within a SOD1 homodimer. These modifications yielded exceptional mutant SOD1 thermal stability increases, along with the restoration of Gly85Arg SOD1 metal binding and activity \[[@BST-48-1795C81]\]. Similarly, cyclic disulphides have been shown to tether opposing Cys111 residues, prevent dead-end single thiol modifications and are cell penetrable. Mono-S-oxo derivatives including 1,2-dithiane-1-oxide were able to bind and tether 95% of SOD1 monomers as dimers within cells over 30 min with an EC~50~ of 5 μM \[[@BST-48-1795C82]\]. Taking another approach, cisplatin increases metal-free SOD1 thermal stability and is able to prevent or reverse SOD1 aggregation within neuron-like cells without subunit tethering \[[@BST-48-1795C83]\].

![Pharmacological chaperones targeting SOD1 Cys111.\
Structures of each chaperone before and after covalent binding to SOD1 sulphydryls.](BST-48-1795-g0003){#BST-48-1795F3}

Ebselen {#s8a}
-------

Ebselen is a small molecule organoselenium with antioxidant and neuroprotective properties. It is thiol reactive and forms a selenylsulphide bond at SOD1 Cys111 through the nucleophilic attack of the free sulphydryl. Two ebselen molecules are able to bind opposing Cys111 residues in the SOD1 dimer interface groove \[[@BST-48-1795C84]\]. The hydrophobic SOD1 homodimer interface is expanded through aromatic π--π stacking of adjacent ligands. Mutant SOD1 homodimer affinity is increased as a result, particularly for Ala4Val SOD1 which is known to have a propensity for monomerisation \[[@BST-48-1795C84]\]. Similar binding pose and homodimer affinity were obtained with ebsulphur \[[@BST-48-1795C84]\]. Derivatisation of both compounds to enhance Cys111 reactivity and further extend the subunit interface has also been demonstrated.

In each of the above crystallographic studies, no ligand densities were observed close to Cys6 within the SOD1 β-barrel. However, ebselen binding to wild-type or Ala4Val SOD1 yielded a reduction in thermal stability. Analysis of melt curves indicated an unstable sub-population that was transformed into a 5.6 an 8.8°C stabilisation on binding to Cys6Ser and Ala4Val/Cys6Ser SOD1, respectively \[[@BST-48-1795C85]\]. Derivatives that maintain a compact, low mass structure resulted in higher thermal stability than extended forms \[[@BST-48-1795C85]\]. When Cys6 is present, however, a population of SOD1 molecules appear receptive to ligand binding within the β-barrel. This highlights the promiscuity of ebselen; an assessment of stable ebselen binding within cells indicated over 400 protein targets \[[@BST-48-1795C86]\]. Furthermore, the selenylsulphide bond is prone to cleavage by cytoplasmic reductants unless it is protected. As a consequence stable cytoplasmic binding to SOD1 Cys111 has not been observed \[[@BST-48-1795C84],[@BST-48-1795C86]\]. However, ebselen is a thiol oxidase and was able to catalyse formation of the SOD1 intra-subunit disulphide bond within cells in the absence of overexpressed hCCS \[[@BST-48-1795C84]\]. This likely happens by the formation of a selenylsulphide bonding intermediate on either Cys57 or Cys146 which is then resolved through selenyl-thiol exchange to create the SOD1 disulphide. This process prevented the accumulation of unfolded Gly93Ala and Ala4Val SOD1 mutants through an oxidative folding mechanism \[[@BST-48-1795C84]\]. As the formation of the SOD1 disulphide has a direct effect on homodimer affinity, ebselen is able to increase homodimerisation within cells when applied exogenously at 20 μM \[[@BST-48-1795C87]\]. SOD1 has proven difficult as a target for occupancy-driven drug development due to the lack of cavity binding sites. This event-driven approach focusing on SOD1 post-translation modifications offers a new strategy for structural stabilisation. However, target engagement and specificity may still prove difficult given the abundance of free thiols within cells.

Chaperone peptides {#s10}
==================

Several peptide-based chaperone strategies have been applied to aid SOD1 folding and inhibit its aggregation including the repurposing of stability patches on the metal-free SOD1 molecule to block self-association \[[@BST-48-1795C88]\]. Another interesting approach based on click chemistry screened penta-peptides for binding to a modified SOD1 electrostatic loop peptide and yielded several binding interactions that were then refined for SOD1 selectivity \[[@BST-48-1795C89]\]. A peptide (HGGF^4-fluorophenylalanine^Q) bound mature and metal-free SOD1 at the electrostatic loop with 8.0 and 0.94 μM affinity respectively, indicating a preference for the conformationally dynamic, misfolding prone species. Presence of the peptide accelerated wild-type and Gly93Ala SOD1 folding rate 2.5- and 1.5-fold, respectively, and binding reduced the hydrodynamic radius of metal-free wild-type SOD1 consistent with structural stabilisation \[[@BST-48-1795C89]\].

Perspectives
============

-   SOD1 misfolding is observed in ALS and Parkinson\'s disease. Targeted engagement of SOD1 through the action of native or synthetic molecular and pharmacological chaperones has the potential to improve disease outcomes for many individuals.

-   Disease-related mutations and lack of post-translational mutations result in SOD1 misfolding and accumulation of protein aggregates within neuronal cells. Cellular chaperone systems have several points of contact with SOD1. These interactions are not always effective and can result in chaperone incorporation into SOD1 aggregates. Despite this, intervention strategies based on the modulation of native molecular chaperones have elicited beneficial effects on disease characteristics. The small molecule arimoclomol has shown that a pharmacological route is also practicable.

-   Combinations of HSP system mechanics along with hCCS or MIF binding mechanisms will create new molecular chaperones for SOD1. A more detailed understanding of the structural nature of SOD1 misfolding and which routes through the chaperone network are effective for particular misfolding states is a necessary prerequisite. Promising work on pharmacological and peptide chaperones for SOD1 now has to address specificity and target engagement. We can also expect that one strategy will not be effective for all SOD1 mutants or states, so personalised or combination approaches will be necessary.
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